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Abstract 
The equivalent rectangular concrete stress block is widely adopted in flexural strength design of normal-strength 
reinforced concrete members.  From the past research work reported by other researchers, the equivalent stress block 
parameters was assumed to be dependent only on concrete strength.  Nonetheless, the theoretical flexural strengths 
predicted by the currently used codes were often significantly lower than the actual strengths.  In this study, the 
authors studied the characteristics of equivalent concrete stress block by investigating other factors than concrete 
strength only.  In total 14 inverted T-shaped specimens in 6 groups were fabricated and tested.  Each group had 
identical cross section properties and contained one concentrically loaded specimen and one/several eccentrically 
loaded specimen(s).  The equivalent concrete stress block parameters of the eccentrically loaded specimen were 
obtained by adopting the modified stress-strain curve of its counterpart concentrically loaded specimen using a 
numerical analysis method.  Based on the experimental results, the authors found that the equivalent stress block 
parameters are dependent on strain gradient besides concrete strength.  A new set of equivalent rectangular concrete 
stress block parameters incorporating strain gradient effects were proposed for design purpose, and their validities 
were verified by comparing with the measured flexural strengths of beams and columns tested by previous 
researchers. 
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1. BACKGROUND 
The concrete stress distribution within compression zone of reinforced concrete (RC) members subjected 
to bending or flexure, as shown in Figure 1(d), is represented by three parameters, i.e. k1, k2 and k3 
(Hognestad et al. 1955; Ibrahim and MacGregor 1996,1997; Tan and Nguyen 2005), where k1 is the ratio 
of average stress fav over the compression area to maximum stress developed under flexure fmax, k2 is the 
ratio of distance between the extreme compressive fibre and the resultant force of the stress block (Pc) to 
that between the same fibre to the neutral axis (c), and k3 is the ratio of fmax to uni-axial concrete strength.  
This concrete stress distribution derives from its uni-axial concrete stress-strain curve, as shown in 
Figures 1(c).  To account for the different behaviours of concrete between uni-axial compression 
members and flexural members, the adopted maximum concrete stress fmax is normally scaled down from 
the uni-axial strength, i.e. k3 is smaller than unity.  Because the actual concrete stress distribution in 
flexural members is nonlinear, for the purpose of convenient design, an equivalent rectangular concrete 
stress block as shown in Figure 1(e) is assumed, which is defined by two parameters D and E, where D is 
the ratio of equivalent concrete compressive stress developed under flexure to concrete cylinder (fcc) or 
cube (fcu) strength, and E is the ratio of the height of equivalent rectangular concrete compressive stress 
block to neutral axis depth (c). 
 
Figure 1: Concrete stress block parameters 
This equivalent rectangular concrete stress block is adopted by various current RC design codes 
(European Committee for Standardization 2004; Standards New Zealand 2006; ACI Committee 318 2008) 
with both of the equivalent stress block parameters dependent only on the concrete strength.  However, 
from the comparison conducted by the authors (Ho et al. 2010) using previous experimental test results 
done by other researchers, the theoretical flexural strengths predicted by RC design codes are 
significantly smaller than the actually tested flexural strengths.  And from the results obtained by previous 
researchers (Kaar et al. 1978, Swartz et al. 1985, Mansur et al. 1997, Tan and Nguyen 2005), it was found 
that the stress block parameters were fairly scattered even though the concrete strength is the same.  
Therefore, the assumption of stress block parameters should depend on other factors apart from concrete 
strength only. 
In order to investigate the factors affecting the concrete stress distribution under flexure, two groups of 
large-scaled specimens, in total 8, were fabricated for this study.  Each group of specimens was cast from 
the same batch of concrete and contained the same longitudinal reinforcement ratio, so their cross section 
properties are identical.  In each group, one of those specimens was concentrically loaded while other 
specimens were eccentrically or horizontally loaded.  From their test results, the ratio of the maximum 
concrete compressive stress (fmax) developed in the eccentric specimens to the maximum uni-axial 
compressive stress (Vc) developed in the concentric specimens, i.e. k3, can be determined.  Subsequently, 
the equivalent concrete stress block parameters D and E can be derived based on the obtained value of k3.   
2248  J. PENG et al. / Procedia Engineering 14 (2011) 2246–2253
By comparing the stress block parameters obtained from different specimens, it was observed that the 
values of k3 and D are dependent significantly on strain gradient apart from concrete strength, while those 
of k1, k2 and E remain relatively constant.  As a result, two design formulae for D and E incorporating 
strain gradient effects are proposed for flexural strength design, whose validity is verified by using them 
to predict the strengths of various RC members. 
2. TEST PROGRAMME AND RESULTS 
2.1. Experimental setup 
Eight inverted T-shaped square column specimens with concrete cylinder strength ranging from 34 to 
49MPa were fabricated and tested for this study.  They were divided into Group 1 and Group 2, and each 
group consisted of 3 and 5 specimens respectively.  In Group 1, one of the specimens was tested with 
concentric load whereas another two specimens were tested with eccentric load.  In Group 2, one of them 
was tested with concentric load, two of them were tested with eccentric loads and another two were tested 
with horizontal loads.  All specimens in each group contained identical cross section and material 
properties.  The cross section of the specimens is 400u400mm2.  The height of columns is 1400mm and 
the length of supporting beams is 1500mm.  For concentric and eccentric specimens, the test region is in 
the middle 800mm of the column height, and for horizontal specimens, the test region is in the lower 
800mm part of the column.  The rest of the column was much more heavily reinforced than the testing 
region to force the failure occur within the target area.  The shape and the testing setup of those 
specimens are shown in Figure 2.  Eccentric loading mode with different eccentricities together with 
horizontal loading method can simulate different strain gradient effects.  The concrete strengths, loading 
eccentricities as well as the obtained stress block parameters are listed in Table 1. 
 
 
 
 
 
      
 
 
 
 
               (a) Concentric load                                                (b) Eccentric load                                (c) Horizontal and axial load 
Figure 2: Testing setup 
2.2. Experimental results 
 
2.2.1. Results of concentric specimens 
 
The measured concrete compressive forces of all the concentrically loaded column specimens are plotted 
against their respective axial displacements in Figure 3(a).  The concrete stress-strain curves for all 
concentrically loaded specimens are shown in Figure 3(b), which will be used to determine the maximum 
concrete compressive stress that can be developed in the counterpart eccentrically loaded specimens. 
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         (a) Load-displacement curves                 (b) Stress-strain curves 
Figure 3: Load-displacement and stress-strain curves of concrete of concentrically loaded specimens 
2.2.2. Results of eccentric and horizontal specimens 
The measured concrete compressive forces of the eccentrically and horizontally loaded specimens plotted 
against their respective axial and horizontal displacements of the column are shown in Figure 4(a) and 
4(b).  The maximum moments acting on the eccentric (horizontal) specimens were evaluated by 
multiplying the obtained axial (horizontal) load with the eccentricity (lever arm).    
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(a) Axial load-displacement    (b) Horizontal load-column drift 
Figure 4: Load-displacement curves of concrete of eccentrically and horizontally loaded specimens 
3. DERIVATION OF STRESS BLOCK PARAMETERS 
3.1. Derivation of concrete stress block parameters k3, Į and ȕ 
In this study, the effect of strain gradient on the maximum compressive stress that can be developed in 
concrete is investigated by determining the ratio of maximum concrete compressive stress developed in 
the eccentrically loaded specimens (fmax) to that in the concentrically loaded counterpart specimens (Vc), 
which is equal to k3.  The value of k3 can be evaluated by equating the theoretical with the measured axial 
force and moment of the eccentrically and horizontally loaded specimens.  The theoretical values were 
computed based on the stress-strain curve obtained from the concentrically loaded specimens multiplied 
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by k3 to take into account the effects of strain gradient.  A numerical analysis method has been developed 
and adopted to determine the values of k3, D and E for all specimens.  Table 1 lists all the obtained values 
of k3, İcu, D and E together with the strain gradient factor for eccentric and horizontal specimens, where İcu 
is the ultimate concrete strain. It should be noticed that, the strain gradient factor, defined as İcu/c, is a 
dimensional factor, thus in order to eliminate size effect, another dimensionless factor d/c is used to 
indicate strain gradient, where d and c are effective depth and neutral axis depth respectively. 
Table 1: Obtained values of stress block parameters 
Group Specimen code 
fcc (MPa) 
(testing day)
Vc 
(MPa) k3 
D E Hcu d/c 
1 
RC46-0.75-CON 45.6 
40.1 
--- 0.840 --- --- --- 
RC46-0.75-ECC-1 48.6 1.299 0.962 0.785 0.0035 1.44 
RC46-0.75-ECC-2 48.6 1.351 0.986 0.765 0.0030 1.63 
2 
RC34-0.75-CON 35.2 
28.7 
--- 0.815 --- --- --- 
RC34-0.75-ECC-1 44.7 1.023 0.881 0.763 0.0033 0.897 
RC34-0.75-ECC-2 44.7 1.301 1.177 0.759 0.0033 1.556 
RC-34-0.75-HOR-1 35.2 2.080 1.449 0.768 0.0033 4.79 
RC-34-0.75-HOR-2 35.2 2.115 1.513 0.753 0.0028 13.48 
Average 42.3 34.4 --- --- 0.766 0.0032 --- 
3.2. Effects of strain gradient on k3, Į and ȕ 
It can be easily observed from Tables 1 that the values of k3 and D actually depend on the strain gradient 
other than just the uni-axial concrete strength, and k3 and D increases as the strain gradient increases while 
E remains relatively constant at about 0.8 with strain gradient.  The values of k3 and D are plotted against 
d/c in Figure 5, together with their regression equations.  The proposed design values of E and İcu are 
respectively 0.8 and 0.0032. 
4. VERIFICATION 
To validate the obtained equivalent rectangular concrete stress block parameters, the proposed value of D 
and E are used to evaluate the flexural strengths of RC members tested by other researchers, which 
include beams, columns subjected to low axial load level, i.e. 0 < P/Agfcc  0.2 where Ag is the column 
cross-section area and columns subjected to medium axial load level, i.e. 0.2 < P/Agfcc  0.5.  These 
predicted flexural strengths Mp are compared with their respective measured strengths Mt as well as with 
their respective theoretical strengths based on various RC design codes, i.e. MACI based on ACI Code, 
MEC based on Eurocode 2 and MNZ based on New Zealand Code.  The comparison is summarised in Table 
2.  From Tables 2, it can be concluded that: 
(1) The flexural strengths of RC beams and columns predicted by the proposed values of D, E and 
Hcu have the best agreement with their measured flexural strengths. 
(2) For RC beams and columns, the average ratios of the predicted to measured flexural strength are 
both 0.94, whereas the respective average ratios of the theoretical to measured flexural strength of ACI, 
EC2 and NZS are 0.88 and 0.84.  It is evident that the proposed method can increase the accuracy of 
flexural strength prediction by 6% and 10% in average for beams and columns. 
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                             (a) k3 plotted against d/c                                        (b) D plotted against d/c 
Figure 5: Graphs of k3 and D plotted against d/c 
5. CONCLUSIONS 
Eight inverted T-shaped specimens were fabricated to experimentally investigate the effects of strain 
gradient on the maximum and equivalent concrete stress that can be developed in RC members under 
flexure.  The specimens were divided into two groups and each group have the same cross-section 
properties. In each group, one of them was subjected to concentric axial load while the rest were 
subjected to eccentric axial load or horizontal load.  In this study, the effects of strain gradient on the 
maximum and equivalent concrete stress that can be developed under flexure were investigated by the 
parameters k3 and D respectively.  It was found that the values of k3 and D were dependent on the strain 
gradient in addition to concrete strength.  In this study, empirical formulae have been proposed to relate 
the strain gradient d/c with k3 and D.  The validity of using the proposed values of D, E and Hcu in flexural 
strength evaluation of RC members, which take into account the effects of strain gradient, was checked 
by comparing the theoretical strength of beams and columns subjected to low and medium axial load 
levels with the their measured strength obtained by previous researchers.  The predicted flexural strengths 
were also compared with those estimated by various RC design codes such as ACI Code, Eurocode and 
New Zealand Code.  From the comparisons, it was seen that the proposed values of D, E and Hcu predict 
more accurately the flexural strength of RC beams and columns subjected to low and medium axial load 
level than the current RC design codes.  The accuracy improvement was about 6% for RC beams and 
could reach about 10% for columns. 
Table 2: Comparison of proposed strengths of beams and columns 
Specimen 
code fcc 
 
P/Agfcƍ 
Mp 
(1) 
MACI 
(2) 
MEC 
(3) 
MNZ 
(4) 
Mt 
(5) (1)/(5) (2)/(5) (3)/(5) (4)/(5) 
Beams:                              Pecce and Fabbrocino (1999) 
A 41.3 ----- 105.2 97.0 97.0 97.0 104.0 1.01 0.93 0.93 0.93 
B 41.3 ----- 46.3 45.0 45.0 45.0 49.6 0.93 0.91 0.91 0.91 
C 42.3 ----- 686.6 636.7 636.7 636.7 712.5 0.96 0.89 0.89 0.89 
Ko et al. (2001) 
6-30-1 66.6 ----- 17.1 15.7 15.7 15.6 18.4 0.93 0.85 0.85 0.85 
6-50-1 66.6 ----- 26.3 24.5 24.3 24.4 28.4 0.93 0.86 0.86 0.86 
6-65-1 66.6 ----- 29.8 27.9 27.6 27.7 32.7 0.91 0.85 0.84 0.85 
6-75-1 66.6 ----- 34.9 32.6 32.2 32.3 37.8 0.92 0.86 0.85 0.85 
Fathifazl et al. (2009) 
EV-1.5N 43.5 ----- 83.4 79.4 79.5 79.4 86.9 0.96 0.91 0.91 0.91 
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EV-2.7N 43.5 ----- 113.4 108.3 108.4 108.3 126.4 0.90 0.86 0.86 0.86 
CG-2.9N 43.5 ----- 111.5 106.3 106.3 106.3 118.5 0.94 0.90 0.90 0.90 
Average 0.94 0.88 0.88 0.88 
Columns (low axial load level):          Watson and Park (1994) 
1 47.0 0.100 320.8 302.0 306.9 302.0 335.2 0.96 0.90 0.92 0.90 
Mo and Wong (2000) 
C1-1 24.9 0.113 327.9 300.5 305.1 300.5 351.4 0.93 0.86 0.87 0.86 
C1-2 26.7 0.106 331.8 303.8 308.2 303.8 374.6 0.89 0.81 0.82 0.81 
C1-3 26.1 0.108 330.5 302.8 307.2 302.8 427.7 0.77 0.71 0.72 0.71 
C2-1 25.3 0.167 353.1 319.1 326.8 319.1 347.3 1.02 0.92 0.94 0.92 
C2-2 27.1 0.156 357.5 325.2 330.5 325.2 399.9 0.89 0.81 0.83 0.81 
C2-3 26.8 0.158 356.6 324.4 329.7 324.4 427.2 0.83 0.76 0.77 0.76 
Columns (medium axial load level):      Watson and Park (1994) 
2 44.0 0.300 489.6 405.9 410.2 406.0 486.0 1.01 0.84 0.84 0.84 
3 44.0 0.300 489.6 405.9 410.2 406.0 479.1 1.02 0.85 0.86 0.85 
4 40.0 0.300 459.1 382.1 385.3 382.3 448.1 1.02 0.85 0.86 0.85 
5 41.0 0.500 560.2 372.9 383.2 373.4 525.8 1.07 0.71 0.73 0.71 
6 40.0 0.500 550.5 367.2 376.7 367.8 526.4 1.05 0.70 0.72 0.70 
Mo and Wang (2000) 
C3-1 26.4 0.213 372.9 333.3 343.9 333.3 353.4 1.06 0.94 0.97 0.94 
C3-2 27.5 0.205 382.2 337.7 348.2 337.7 395.5 0.97 0.85 0.88 0.85 
C3-3 26.9 0.209 380.6 335.4 345.9 335.4 423.8 0.90 0.79 0.82 0.79 
Lam et al. (2003) 
X6 31.9 0.450 36.6 28.5 29.0 28.6 37.1 0.99 0.77 0.78 0.77 
X7 35.7 0.450 39.0 29.7 30.5 29.8 37.1 1.05 0.80 0.82 0.80 
Marefat et al. (2005) 
NTCM-14 20.1 0.310 18.6 16.0 16.0 16.0 16.8 1.11 0.95 0.95 0.95 
NBCC-12 25.2 0.230 25.4 22.0 22.4 22.0 21.7 1.17 1.01 1.03 1.01 
NBCM-11 24.5 0.250 45.1 38.6 38.5 38.6 44.6 1.01 0.87 0.86 0.87 
SBCM-8 28.0 0.220 52.0 46.0 46.0 46.0 58.7 0.89 0.78 0.78 0.78 
Average 0.94 0.83 0.85 0.83 
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